One sentence summary: When given excess glucose, rumen ciliates responded by storing it (synthesizing reserve carbohydrate), but bacteria responded largely by burning off the excess as heat (spilling energy). Editor: Cindy Nakatsu
INTRODUCTION
When the ruminant host is fed large amounts of grain, microbes in the rumen encounter levels of non-structural carbohydrate that exceed their requirement for growth (Russell 1998) . Rumen microbes respond to this excess carbohydrate in two major ways (Hackmann and Firkins 2015) . Many species of bacteria and ciliate protozoa respond by directing excess carbohydrate into glycogen reserves (Hackmann and Firkins 2015) , which can exceed 50% of cell mass (Russell 1998) . Other, bacterial species instead direct excess carbohydrate towards energy spilling (Russell 2007; Hackmann and Firkins 2015) , a process that dissipates excess ATP energy as heat via futile cycles. Other responses to excess carbohydrate include releasing metabolic intermediates (overflow metabolites) or methylglyoxal (Russell 1998) , but these responses seem more minor.
In addition to their physiological significance to microbes themselves, energy spilling and reserve carbohydrate synthesis are important to the productivity of cattle and other ruminants.
Rumen microbes account for over 50% of the protein metabolized by the ruminant, and thus increasing the efficiency of microbial protein production would increase the efficiency of the ruminant host in turn (Hackmann and Firkins 2015) . Spilling depresses efficiency because it leads to fermentation of carbohydrate without production of microbial protein; the net products of spilling are heat, fermentation acids and fermentation gases alone (Hackmann and Firkins 2015) . Another detrimental effect of spilling is that non-structural carbohydrates that could have been digested by the host are instead lost to fermentation. Reserve carbohydrate depresses efficiency of protein production and leads to loss of carbohydrate also, because carbohydrate from feed must be fermented to fuel reserve carbohydrate synthesis (see Stouthamer 1973) . Still, reserve carbohydrate synthesis is more economical than spilling because carbohydrate can be later mobilized to fuel microbial protein production (Wilkinson 1959) or pass from the rumen unfermented (McAllan and Smith 1974) .
Even as reserve carbohydrate synthesis is less detrimental to the host than spilling, few studies have quantified the relative importance of these responses and in mixed communities or groups. For example, Van Kessel and Russell (1996) established that mixed bacteria could spill energy when grown under ammonia-N limitation-an important advance-but that study did not measure reserve carbohydrate. Many studies have established that mixed bacteria and ciliates can synthesize reserve carbohydrate (see Hackmann 2013; Hackmann and Firkins 2015) , but none has quantified energy spilling.
Recently, we demonstrated the whole rumen community responds to a moderate carbohydrate excess by synthesizing reserve carbohydrate. It also spilled energy but only under a large excess (Hackmann, Diese and Firkins 2013) . The current study seeks to extend this work by separately examining responses of mixed bacteria and ciliates, the two largest groups of the mixed community. Based on glucose competition experiments that showed ciliates synthesize much more reserve carbohydrate than bacteria (Denton et al. 2015) , we hypothesized that ciliates would respond to excess glucose chiefly by synthesizing reserve carbohydrate, whereas bacteria would spill energy.
MATERIALS AND METHODS

Preparation of isolated ciliates and bacteria
Rumen fluid was collected from two dry Holstein cows (nos 8224 and 8155) of approximately 750 kg live weight. One cow was used per experiment. Animals were housed at the animal physiology unit at University of Florida in Gainesville, FL, USA. The University of Florida Institutional Animal Care and Use Committee approved all animal procedures.
Cows were fed 8.1 kg dry matter (DM) of alfalfa-orchardgrass hay and 5.9 kg DM of a concentrate supplement (Hillandale Show Ration; Hillandale Quality Feeds, Lake Butler, FL, USA) once daily. As determined by wet chemistry methods (Cumberland Valley Analytical Services, Hagerstown, MD, USA), chemical composition of the hay was 83.6% organic matter, 54.1% neutral detergent fiber (analyzed with heat stable amylase and expressed exclusive of residual ash; aNDFom), 35.3% acid detergent fiber, 12.6% crude protein, 2.5% starch, and 3.1% ether extract (all values expressed on a DM basis). Similarly, the chemical composition of the concentrate supplement was 93.6% organic matter, 27.0% aNDFom, 16.6% acid detergent fiber, 12.3% crude protein, 33.8% starch and 4.1% ether extract. The ingredient composition of the supplement was 50% corn, 15% soybean hull pellets, 15% cottonseed hulls, 10% distillers dried grains, 0.02% fat, and <10% other ingredients (soybean meal, molasses, extruded cottonseed meal, peanut hulls, Uni-Bond, vitamins, minerals). Corn was included in both ground and cracked forms, and the other ingredients were included in proprietary amounts.
Preparation of clarified fluid was described previously (Hackmann, Diese and Firkins 2013). Briefly, rumen contents were strained through cheesecloth, diluted 1:1 with N-free buffer (see composition below), and added to a separatory funnel under O 2 -free CO 2 . After 45 min at 39
• C, plant particles rose to the top, and the clarified fluid below was removed by draining through the stopcock. The diet composition had been adjusted to optimize this flocculation, and not all plant particles rose to the top when feeding a low-quality hay (bermudagrass) and less concentrate. After preparation of the clarified fluid, ciliates or bacteria (one group per experiment) were isolated following earlier methods in our lab [Denton et al. (2015) and Supplementary Fig. S1 ]. Briefly, ciliates were collected on a nylon cloth (20-μm pore size) under CO 2 , and most bacteria were removed by washing with 10 volumes of N-free buffer ( Supplementary Fig. S1A ). Bacteria were isolated by centrifugation on a pre-warmed rotor at 13 000 g for 10 min (1720 rotor and Rotina 38R centrifuge; Hettich, Beverly, MA, USA) after removing protozoa in an earlier centrifugation step at 2500 g for 5 min ( Supplementary Fig. S1B ).
After isolation, ciliates or bacteria were anaerobically resuspended and diluted in N-free buffer and then transferred to a culture bottle at 39
• C. The target concentration of cell protein was 2 g L −1 , using optical density of the undiluted culture and preliminary experiments with each cow as guides. If the concentration was inadvertently <1 g L −1 , the experiment was repeated to obtain ≥1 g L −1 .
Ciliates or bacterial cells were dosed with glucose (5 mM final concentration). In early experiments, the volume of glucose dosed was based on the nominal volume of culture transferred to and sampled from the bottle, but in later experiments, the culture was weighed to determine the exact volume at time of dosing (assuming a culture density of 1 g mL −1 ).
At intervals, cell suspension (0.5 or 1 mL per time point) was sampled and harvested aerobically by centrifugation (10 000 g, 10 min, 4
• C; 75003424 rotor and Legend Micro 21R centrifuge; Thermo Scientific, Rockford, IL, USA). Intervals were chosen to give three sample points prior to dosing glucose, at least two points during glucose excess, and at least two points after glucose was exhausted. Previous studies showed complete recovery of protozoa and bacteria when harvesting under aerobic conditions (Hackmann, Diese and Firkins 2013; Denton et al. 2015) . The resulting cell pellets were aerobically washed once in 0.9% NaCl and stored at −20 • C. Cell-free supernatant (from the first centrifugation step) was likewise stored at −20 • C. Additional aliquots of cell suspension (2 mL) were taken at the start and end of the experiment, fixed in 5% formalin (final concentration), and stored at 4
• C for cell counts and microscopic imaging.
The N-free buffer was modified Simplex type (pH 6.8) and contained 6.35 g K 2 HPO 4 , 5 g KH 2 PO 4 , 650 mg NaC1, 90 mg MgSO 4 ·7H 2 O, 60 mg CaC1 2 ·2H 2 O, 7.5 g NaCHO 3 and 0.5 g cysteine hydrochloride per liter (Tao et al. 2016) . It was prepared anaerobically with water boiled and distilled under O 2 -free CO 2 .
Cell-free supernatant was analyzed for free glucose using glucose oxidase-peroxidase (Karkalas 1985) after adding 2 moles N-ethylmaleimide per mole cysteine in samples (Haugaard, Cutler and Ruggieri 1981) . D/L-Lactic and acetic acids were analyzed with enzymatic kits (product code 1112821035 and 10148261035, R-Biopharm, Marshall, MI, USA).
Propionate and butyrate were determined by HPLC after acidifying cell-free supernatant with H 2 SO 4 (0.5% final concentration) and filtering through a 0.22 μm cellulose acetate membrane. The HPLC was a LaChrom Elite (Hitachi, Tokyo) equipped with an Aminex HPX-87H ion-exchange column (Bio-Rad Laboratories, Hercules, CA, USA). Sample volume was 20 μL, eluent was 7.5 mM H 2 SO 4 , flow rate was 0.7 mL min −1 , column temperature was 48
• C, and UV detection was at 210 nm. Valerate was not detected, and isovalerate and isobutyrate could not be quantified due to unidentified interfering peaks. For mixed rumen microbes, these three fermentation products were minor and accounted for only 2% of carbon recovered from a 5 mM glucose dose (data from Hackmann, Diese and Firkins 2013) . Peaks for lactic and acetic acids could be detected with HPLC, but concentrations were quantified enzymatically, as mentioned, because of the lower detection limit of this approach.
Measurement of heat production and fermentation gases
Heat production (W L −1 ) was measured on a 1-mL cell suspension by isothermal calorimetry (μRC, Thermal Hazard Technology, Piscataway, NJ, USA) as previously described (Hackmann, Diese and Firkins 2013) , except the calorimeter was placed in an incubator (30 • C) to minimize baseline drift.
Fermentation gases (H 2 , CH 4 ) were measured using a MicroOxymax instrument (Columbus Instruments, Columbus, OH, USA). Cell suspension (5 or 10 mL) was added to a water-jacketed vessel (100 mL nominal volume), gassed with CO 2 , maintained at 39
• C, and continuously stirred (to promote vaporization of gas from liquid to gas phase). The instrument sampled the gas phase of the vessel at 12 min intervals and circulated sample through CH 4 , H 2 and CO 2 sensors. The CH 4 sensor (0 to 0.25%) and CO 2 sensor (0 to 100%) measured gases by infrared absorption, and the H 2 sensor (0 to 4%) measured concentrations electrochemically. Room air and CO 2 were circulated as references to correct for sensor drift. Before each experiment, sensors were calibrated using primary standard gas, and the volume and leak rate of the vessel was checked by pressurizing with gas. Production of CH 4 and H 2 was determined by the instrument software from changes in gas concentrations over sampling intervals. Production of CO 2 was also reported, but because of CO 2 evolved from protonation of buffer (and because of the large working range of the sensor), these values were not meaningful or accurate.
Calculation of energy spilling
As described in Hackmann, Diese and Firkins (2013) The rate was assumed to hold constant through the experiment, as any decline impacted calculation of energy spilling only minimally with mixed rumen microbes (Hackmann, Diese and Firkins 2013 
Other analyses and calculations
Direct counts of ciliates were determined as described previously (Hackmann, Diese and Firkins 2013) . Direct counts of total bacteria were determined by 4 ,6-diamidino-2-phenylindole staining and epifluorescence microscopy (Kepner and Pratt 1994) . Formalin-fixed cells were imaged by differential interference contrast) microscopy using an Axioplan 2 microscope (Zeiss, Munich, Germany), ×40 (Plan-Neofluar; numerical aperture, 0.75) or ×100 oil (Plan-Apochromat; numerical aperture, 1.40) objectives, and a Retiga 4000R camera (QImaging, Surrey, Canada). Samples were prepared as either standard wet mounts (×40 objective) or wet mounts on a thin layer of 2% noble agar (×100 objective). QCapture Pro 7 (QImaging) was used for image acquisition. Photoshop (Adobe, San Jose, CA, USA) was used to linearly adjust brightness and contrast. The adjustment was applied to whole images and equally to isolated bacteria and protozoa.
To estimate the mass of bacteria contaminating isolated ciliates, bacterial counts in the isolated ciliates were determined and then multiplied by bacterial protein mass. Bacterial protein mass was 8.60 (SEM, 0.85) × 10 −14 g cell −1 , which was measured for isolated bacteria at the beginning of experiments (n = 6 total between two cows). A similar approach was used to estimate ciliate contamination of isolated bacteria. Ciliate protein mass was 2.65 (SEM, 0.24) × 10 −8 g cell −1 , which was measured for isolated ciliates (n = 6). Initial rate of glucose consumption was calculated from the linear decrease in concentration over the first 5 min (ciliates) or 20 min (bacteria) after dosing glucose. Initial rates for other variables (e.g. reserve carbohydrate accumulation) were calculated analogously over the same period.
Carbon and energy recovery from the dosed glucose was calculated as described previously (Hackmann, Diese and Firkins 2013) . Briefly, the increase in carbon or energy after dosing glucose was calculated from the concentration of glucose, reserve carbohydrate, fermentation products (acetate, propionate, butyrate, lactate, CO 2 , CH 4 , H 2 , H 2 O) and heat production. This increase was compared with that expected from the carbon or energy in glucose. CO 2 and H 2 O were determined from reaction stoichiometry (Hackmann, Diese and Firkins 2013) . Hydrogen recovery was calculated analogously.
Experiments with lactating cow
Experiments with the dry cows above were replicated with a lactating Jersey cow (no. 490) at the Waterman Dairy Center at The Ohio State University in Columbus, OH, USA. The Ohio State University Institutional Animal Care and Use Committee approved all animal procedures. The cow was fed a lactation diet ad libitum in two equal meals. The ingredient composition was 45.3% corn silage, 13.8% legume silage, 12.5% ground corn, 8.6% soybean meal, 6.4% whole cottonseed, 3.8% distillers grains, 2.8% wheat middlings, 2.1% Amino Plus (Ag Processing Inc. Hiawatha, KS, USA), 1.0% MEGALAC (Church & Dwight, Princeton, NJ, USA), 0.3% direct-fed microbial product (XP DFM, Diamond V, Cedar Rapids, IA, USA), and 3.3% vitamins and minerals. The chemical composition was not determined.
Experimental methods were similar to those used with dry Holstein cows, except the bacteria were isolated at 10 000 g for 10 min (JA-17 rotor and J2-21 centrifuge; Beckman, Brea, CA, USA) after removing ciliates in an earlier centrifugation step at 1000 g for 5 min.
Statistics
Most data were analyzed using PROC GLIMMIX of SAS University Edition (SAS Institute, Inc., Cary, NC, USA) using the model
where Y ij is the observation, μ is overall mean, G i is fixed effect microbial group (i is bacteria or ciliates), c j is random effect of cow (j is 8155 or 8224), and ε ij is residual error. Data for the purity, recovery, and composition of cells were analyzed similarly, but G i was removed from the model and groups were analyzed separately. Data for the lactating cow were analyzed similarly, but c j was removed from the model. Student's t-test was used to separate means or determine if means differed from 100%. To determine if protein differed from its initial value or recoveries differed from 100%, data were analyzed using the model
where T k is the fixed effect of time k (k is glucose exhaustion or end of experiment) and G i × T k is the interaction between G i and T k . A t-test was used to determine if means differed from 100%. Energy spilling was calculated at 1-min intervals and then analyzed using the model
where E j is the fixed effect of experiment j (j is experiment 1 for ciliates, experiment 2 for ciliates, . . . , or experiment 6 for bacteria) and k is minutes relative to glucose dosing. A t-test was used to determine if means differed from 0. Though these data follow a time series, they were not analyzed as repeated measures because the model did not solve with most variancecovariance structures (as a result of the large number of time intervals). Data were analyzed from time of glucose dosing until the end of the experiment (for the shortest experiment). Data were analyzed separately by microbial group because of the shorter length of ciliate vs. bacterial experiments. When spilling was compared between microbial groups (e.g. at time of glucose exhaustion), model (1) was used instead of (3). Molar heat of reserve carbohydrate synthesis and ATP yield from fermentation were analyzed using model (3), but data were analyzed from time of glucose dosing to time of peak reserve carbohydrate.
Local regression (LOCFIT package of R; Loader 1999) was used to fit time-series data to smooth curves as described previously (Hackmann, Diese and Firkins 2013; Hackmann, Keyser and Firkins 2013) . Original data have been presented alongside the smooth curves in figures, and smooth curves were used for calculations (e.g. energy spilling, accumulation of reserve carbohydrate, recoveries) and statistical analysis.
RESULTS
To determine how rumen ciliates and bacteria would respond to excess carbohydrate, we isolated these microbes from rumen fluid of one of two dry cows, resuspended them in N-free buffer, and dosed them glucose (5 mM). A total of six experiments was performed per microbial group. In detail, experiments for protozoa were replicated twice for one cow (no. 8224) and four times for the other (no. 8155). Experiments for bacteria were replicated three times for each of the two cows.
Glucose, reserve carbohydrate and fermentation products
Immediately after dosing glucose, ciliates and bacteria responded by consuming the glucose, accumulating reserve carbohydrate, forming fermentation products and producing heat (Fig. 1) . Ciliates consumed glucose rapidly, with the initial rate 3.2-fold higher than that for bacteria (Fig. 2) . They also accumulated reserve carbohydrate rapidly, with the initial rate 4.0-fold higher than bacteria (Fig. 2) . Fermentation acids and gases formed from hexose (glucose or reserve carbohydrate) included acetate, propionate, butyrate, lactate, H 2 and CH 4 (Fig. 1G, H, I and J). Assuming 6 moles carbon in fermentation products per mole hexose fermented, we calculated that ciliates fermented hexose at least as fast as bacteria; numerically, they fermented hexose at a 1.4-fold higher rate than bacteria, though this value did not differ (P = 0.139) from unity (Fig. 2) . Of all fermentation products, lactate was formed fastest by the ciliates and at a 4.7-fold higher rate than bacteria (Fig. 2) .
Ciliates and bacteria continued to accumulate reserve carbohydrate as they consumed glucose (Fig. 1) . At time of peak reserve carbohydrate accumulation, ciliates had accumulated 2.66 mM glucose equivalents of this carbohydrate, which is 2.0-fold higher than the 1.34 mM accumulated by bacteria (SEM, 0.18 mM; P < 0.001). Further, ciliates reached peak reserve carbohydrate in only 25 min after dosing glucose, whereas bacteria required 87 min to reach this peak (SEM, 13 min; P = 0.007).
Glucose was exhausted after reserve carbohydrate reached peak values (see Fig. 1 and Table 1 ). From the time of glucose dosing to its exhaustion, ciliates had accumulated more reserve carbohydrate than bacteria (Table 1) , as expected from earlier time points. Ciliates generally formed more H 2 and less CH 4 than bacteria (Table 1) , though results varied across individual experiments (see Fig. 1I and J). Formation of lactate and butyrate did not differ between ciliates and bacteria (Table 1) . Ciliates formed less acetate and far less propionate than did the bacteria (Table 1). In sum, ciliates responded to glucose by consuming it more rapidly and accumulating more reserve carbohydrate than did bacteria, with the formation of certain fermentation acids and gases also differing between microbial groups.
Heat production and energy spilling
To determine if ciliates or bacteria responded to excess glucose by also spilling energy (dissipating excess ATP as heat), we measured heat production of each microbial group (Fig. 1K and L) . Before dosing glucose, ciliates and bacteria produced heat at low rates, but the rate spiked shortly after glucose was dosed and reserve carbohydrate began to accumulate (Fig. 1K and L) . To determine if spilling caused this increase in heat production, we calculated how much heat production was accounted by (i) endogenous metabolism and (ii) reserve carbohydrate synthesis (see 'Materials and methods' and Supplementary Fig. S2 ). Energy spilling is heat production not accounted by these two functions.
For ciliates, endogenous metabolism and reserve carbohydrate synthesis accounted for all heat production (Fig. 3) . Across experiments and time points, these two functions accounted for 103.9% (SEM, 7.8%) of total heat production. This value was not different from 100% (P = 0.638) and indicated minimal energy spilling by ciliates.
For bacteria, endogenous metabolism and reserve carbohydrate synthesis accounted for far less heat production (Fig. 4) . Across experiments and time points, the two functions accounted for only 67.6% (SEM, 3.2%) heat production, which was less than 100% (P < 0.001). This implies spilling, and when examined at individual time points, spilling became detectable (>0 kJ L −1 ; P < 0.05) by only 11 min after dosing glucose. At time of glucose exhaustion, spilling grew to 0.464 (SEM, 0.037) kJ L −1 , or 50.2% (SEM, 7.9%) of total heat production. This was higher (P < 0.001) than the corresponding values for ciliates [−0.012 (SEM, 0.038) kJ L −1 or −5.3% (SEM, 8.0%) of total heat production]. The values for the ciliates themselves did not differ from 0 (P = 0.752 and 0.527). Thus, both ciliates and bacteria responded to glucose by producing heat, but this increase in heat was accounted for by energy spilling only for the bacteria.
Purity, recovery and composition of isolated microbial groups
For experiments above, ciliates were isolated by collecting on a cloth (20 μm pore size) and washing with N-free buffer to remove bacteria. Visually, isolated ciliates were of high purity (contaminated with few bacteria) ( Fig. 5A and C) . When formally quantified with direct counts, bacterial contamination accounted for 0.221% (SEM, 0.027%) of total microbial protein at the start of the experiment, which rose slightly to 0.334% (SEM, 0.064%) by the end of the experiment. Bacteria were isolated by centrifugation, with an initial step to remove ciliates. Isolated bacteria appeared to be pure ( Fig. 5B  and D) . From direct counts, ciliate contamination accounted for 0.60% (SEM, 0.18%) and 0.28% (SEM, 0.15%) microbial protein at the start and end of the experiment.
Some ciliate cells were lost through the cloth during washing, and recovery of cells at the start of the experiment was 38.9% (SEM, 6.7%) that of clarified fluid. Recovery of Entodinium, which includes the smallest species, was lowest at 31.8% (SEM, 4.0%). Recovery of Isotricha, which includes the largest species, was highest at 86.2% (SEM, 6.6%) and did not differ (P = 0.091) from 100%.
Ciliate cells were also lost during the experiment (due to death and lysis), and the concentration of ciliates at the end was only 75.9% (SEM, 4.2%) that of the start. The concentrations of Isotricha and Dasytricha fell the most and were only 51.9% (SEM, 10.6%) and 55.7% (SEM, 5.5%) of their starting value. The concentration of Entodinium, by contrast, fell little and remained at 91.2% (SEM, 4.6%) of the starting value; this did not differ (P = 0.112) from 100%.
Some bacteria were lost during centrifugation, particularly during the first step to remove ciliates. Recovery of cells after centrifugation was 21.7% (SEM, 3.0%) that of clarified fluid. Concentration of cells at the end of the experiment was 87.5% (SEM, 4.0%) that of the start, which was relatively high but still less (P = 0.027) than 100%.
Isolated ciliates included diverse types ( Fig. 5A and C) . At the start of the experiment, the composition was 57.2% (SEM, 5.6%) Entodinium, 9.3% (SEM, 1.5%) Isotricha, 30.3% (SEM, 4.0%) Dasytricha, 3.1% (SEM, 1.0%) Ophryoscolex and 0.091% (SEM, 0.087%) other species belonging to family Ophyroscolecidae (ophyroscolecids). Epidinium was not detected. The composition at the end of the experiment was similar, except the proportion D, E, F) . Shown are heat production accounted by energy spilling, synthesis of reserve carbohydrate and endogenous metabolism. Panel (A) corresponds to bacterial experiment shown in more detail in Fig. 1 . Methods of calculation are described in text and Supplementary Fig. S2 .
of Isotricha and Dasytricha fell (as a consequence of the lysis mentioned) and Entodinium rose. The composition of isolated ciliates in the clarified fluid was 73.2% (SEM, 3.2%) Entodinium, 4.5% (SEM, 1.1%) Isotricha, 19.7% (SEM, 2.1%) Dasytricha, 1.6% (SEM, 0.4%) Ophryoscolex and 0.92% (SEM, 0.34%) other ophryoscolecids.
The composition of bacteria was not formally quantified, but diverse morphologies were present visually (Fig 5B and D) . Fungi and flagellate protozoa were not formally quantified. Protozoaassociated methanogens were not quantified, and free-living methanogens would have been detected as bacteria and included in their direct counts. Visually, fungi and flagellates appeared to contaminate each group negligibly (Fig. 5) . Methane production by isolated ciliates and bacteria indicated that some methanogens were present in both groups. 
Cell protein and recoveries
As was our aim, the initial concentration of protein did not differ (P = 0.443) between experiments with ciliates [2.12 (SEM, 0.29) g L −1 ] and bacteria [1.81 (SEM, 0.29) g L −1 ]. By the time of glucose exhaustion, the concentration changed by <5% for both ciliates and bacteria (Table 2) . By the end of the experiment, it fell by nearly 15% of the initial value for ciliates (Table 2) . Recoveries of carbon, energy and hydrogen were near 100% through the time of glucose exhaustion (Table 2) . For ciliates, recoveries fell by the end of the experiment and numerically were less than 100%, though none differed statistically (P = 0.284) from 100% (Table 2) .
Experiments with lactating cow
The experiments above were completed with two dry cows fed a hay-grain supplement diet and housed in Florida. These experiments were partly replicated with a cow that was lactating, fed a silage-based lactation diet, and housed in a different location (Ohio). Three experiments were performed for ciliates and two for bacteria. As for experiments with the dry cows, ciliates responded to the dose of 5 mM glucose by consuming it more rapidly and accumulating more reserve carbohydrate than did bacteria (Supplementary Fig. S3 ). At time of peak reserve carbohydrate accumulation, ciliates had accumulated 2.94 (SEM, 0.20) mM glucose equivalents of this carbohydrate, which is more (P = 0.014) than the 1.28 (SEM, 0.25) mM accumulated by bacteria. Composition of isolated ciliates was 87.2% (SEM, 4.0%) Entodinium, 5.04% (SEM, 0.19%) Isotricha, 5.8% (SEM, 3.2%) Dasytricha, 1.19% (SEM, 0.75%) Epidinium and 0.70% (SEM, 0.27%) other ophryoscolecids. Ophryoscolex was not detected. Fermentation acids, gases and heat production were not measured. Consequently, energy spilling could not be calculated.
DISCUSSION
Our results demonstrate that mixed rumen ciliates respond to excess carbohydrate by synthesizing reserve carbohydrate and spilling minimal energy, whereas bacteria spill large amounts of energy. Though spilling and reserve carbohydrate synthesis were first demonstrated in rumen microbes decades ago (Oxford 1951; Hobson and Mann 1955; Russell 1986; Russell and Strobel 1990) , their relative importance in mixed microbes has seldom been quantified (Hackmann, Diese and Firkins 2013) . Though both reserve carbohydrate synthesis and spilling are detrimental to host efficiency (Hackmann and Firkins 2015) , spilling is more detrimental and represents a complete loss of carbohydrate for microbial protein production and host digestion.
Importance of carbohydrate synthesis vs spilling
Two recent studies from our lab have begun to quantify the relative importance of these responses and for mixed microbes. In one study (Hackmann, Diese and Firkins 2013) , we dosed the whole community (principally ciliates and bacteria) with excess glucose after washing with N-free buffer. For a moderate excess of glucose (5 mM), the community responded by incorporating 60% of glucose carbon into reserve carbohydrate, but spilling was detected only when the community was given a larger excess (20 mM). In a second study (Denton et al. 2015) , we dosed glucose to 1:1 mixtures of bacteria and ciliates, then separated cells to determine reserve carbohydrate accumulation by each group. Ciliates incorporated 59% of glucose carbon in reserve carbohydrate when given a moderate excess (4.62 or 5 mM), while bacteria incorporated negligible amounts (<2%). This second study suggested that ciliates respond to glucose by synthesizing reserve carbohydrate, and this accounts for most synthesis in the whole community. However, the response by bacteria was not made apparent. Further, spilling was not measured for either group, as it cannot be distinguished between two groups in a mixture.
By examining ciliates and bacteria in isolation, the current study directly tested how these two groups respond to glucose and if they spill energy. After ciliates were isolated by filtration and dosed with a moderate excess of glucose (5 mM), they rapidly took up glucose and incorporated 53% of the carbon into reserve carbohydrate, mirroring results with the whole community and ciliates from the 1:1 mixture. Previous studies (Heald and Oxford 1953; Williams and Harfoot 1976; Prins and Van Hoven 1977; Van Hoven and Prins 1977) have found isotrichids (ciliates belonging to family Isotrichidae) incorporate >50% glucose carbon into reserve carbohydrate. As with the whole community given this dose, ciliates did not spill energy; heat production was fully accounted for by endogenous metabolism and synthesis of reserve carbohydrate.
Bacteria incubated under similar conditions took up glucose, but at one-third the rate of ciliates. Additionally, bacteria incorporated only 27% of glucose carbon into reserve carbohydrate. Only 68% of total heat production was accounted for by endogenous metabolism and synthesis of reserve carbohydrate, indicating spilling. Indeed, spilling accounted for >50% of heat production by the time of glucose exhaustion. The capacity of mixed bacteria to spill energy is consistent with the study of Van Kessel and Russell (1996) , which showed energy spilling when bacteria were grown under ammonia N limitation.
Energy spilling cannot be directly measured, but instead must be calculated as heat production not accounted for by endogenous metabolism and reserve carbohydrate synthesis. As explained in Hackmann, Diese and Firkins (2013) , this calculation requires a number of assumptions regarding ATP yield from fermentation, glucose transport, reserve carbohydrate, thermodynamic properties and endogenous metabolism. For example, our calculations assumed that fermentation yields 2 moles ATP per mole glucose during glycolysis. However, an unusual glycolytic enzyme (diphosphate-fructose-6-phosphate 1-phosphotransferase) could make the yield as high as 3 ATP for at least one rumen ciliate species (Isotricha prostoma) (Mertens, Van Schaftingen and Müller 1989) . When assuming that mixed ciliates in our experiments yielded 3 ATP, endogenous metabolism and reserve carbohydrate synthesis accounted for only 88.9% (SEM, 5.4%) of total heat production. This value did not differ statistically (P = 0.093) from 100%, even though it was numerically less than 100%, and indicated that spilling numerically accounted for 11.2% of heat production. Changes to other assumptions, as with mixed rumen microbes (Hackmann, Diese and Firkins 2013) , had little impact on energy spilling (data not shown).
Though the current study did not detect spilling by the ciliates, some may in reality occur. As mentioned, spilling was detected numerically, but not statistically, when we assumed the extreme case that ciliates yield 3 ATP from glycolysis. Further, previous studies have demonstrated that isotrichids simultaneously synthesize and degrade glycogen (Heald and Oxford 1953; Prins and Van Hoven 1977; Van Hoven and Prins 1977) . This is a phenomenon known as glycogen cycling (Portais and Delort 2002) and a mechanism of energy spilling (Hackmann and Firkins 2015) . These previous studies thus imply energy spilling, though no study has detected spilling directly from heat production or growth yield data (Hackmann and Firkins 2015) .
In sum, we found that ciliates rapidly consume glucose and incorporate large amounts in reserve carbohydrate, whereas bacteria consume glucose more slowly and spill large amounts of energy. With our earlier studies, these results suggest that ciliates would outcompete bacteria for glucose in the rumen, maximize reserve carbohydrate synthesis, and minimize energy spilling, at least under the moderate excess of glucose (5 mM) examined in this study. Performing the current study with a larger excess of glucose (20 mM) might explain why spilling was observed for the whole community with this dose.
Glucose fermentation
By comparing glucose fermentation by ciliates and bacteria, the current study sheds light on the claim that ciliates stabilize rumen fermentation of sugars. According to this claim, ciliates rapidly consume free sugars, store them as reserve carbohydrate, and prevent their rapid fermentation to lactate by bacteria (Williams and Coleman 1992) . The claim has been similarly applied to starch (Abou and Howard 1960; Whitelaw et al. 1970; Mackie et al. 1978; Coleman 1992) , which ciliates can store in its original form or as reserve carbohydrate (Be lżecki et al. 2017) .
Few controlled experiments have determined if ciliates indeed ferment sugars more slowly and produce less lactate than bacteria. Results from Williams and Morrison (1982) would indicate that mixed isotrichids ferment hexose at a rate 66% that of bacteria [calculated assuming stoichiometry of Hackmann, Diese and Firkins (2013) ], and they formed lactate at 68% of the rate. The authors of that study, however, collected ciliates and bacteria at different times after feeding, and they did not report that cell protein concentrations were made equal for ciliate and bacterial experiments. Under the more controlled conditions in the current study, ciliates fermented hexose at a rate at least equal to that of bacteria. Further, ciliates in the current study formed lactate 5-fold faster than bacteria, which is consistent with lactate being a major fermentation product of both isotrichid (Williams and Harfoot 1976; Prins and Van Hoven 1977; Van Hoven and Prins 1977; Ellis et al. 1991b ) and ophryoscolecid species (Ellis et al. 1991a (Ellis et al. , 1991c . Thus, our study provides direct evidence against the claim that ciliates stabilize fermentation and prevent rapid fermentation of sugars to lactate.
One reason why ciliates rapidly fermented hexose in the current study was to synthesize reserve carbohydrate. We calculate ciliates in the current study must have fermented 35% of the glucose dose solely to fuel reserve carbohydrate synthesis. We made this calculation given (i) 53% of glucose carbon incorporated into reserve carbohydrate, (ii) 2 moles ATP per mole glucose incorporated into reserve carbohydrate (glycogen) (Stouthamer 1973) , and (iii) 3.0 moles ATP per mole hexose fermented [the average for ciliates in the current study; see Hackmann, Diese and Firkins (2013) for calculation]. Similar calculations for isotrichid species Van Hoven and Prins 1977) show reserve carbohydrate is a sink for roughly 70% or more ATP generated by glucose fermentation. Thus, reserve carbohydrate synthesis drives fermentation to generate ATP (or fermentation drives reserve carbohydrate synthesis to act as a sink for ATP).
In sum, the current study undermines the claim that ciliates stabilize fermentation of sugars in the rumen. It shows their rapid synthesis of reserve carbohydrate drives (or is driven by) rapid fermentation.
Purity and composition of microbial groups
Our methods for isolating ciliates and bacteria resulted in preparations of high purity but low yield. For ciliates, contamination with bacterial cells was ≤0.3% of microbial protein, but recovery of ciliates was only 39% due to loss of small ciliates through the cloth. In previous studies, our recoveries ranged between 34% [Trial D samples of Fessenden (2016) ] and 71% (Denton et al. 2015) . Recoveries are dictated by (i) the relative difficulty of each sample and (ii) the force needed to wash bacteria through the cloth.
For bacteria, contamination with ciliate cells was ≤0.6% of microbial protein, but recovery of bacteria was only 22% due to loss during removal of ciliates. Composition of bacteria was not measured, but it is unlikely to be fully representative of liquidassociated bacteria of the rumen. We sought high purity so we could compare responses of isolated ciliates and bacteria unambiguously. Future studies may aim to prepare groups under less stringent conditions and make prepared groups more representative.
Isolated ciliates from both dry cows had an unusually high proportion of Dasytricha and Isotricha (40% of total ciliates), and the same was observed for clarified rumen fluid (24%). These isotrichids are thought to consume more sugar and accumulate more reserve carbohydrate than the ophryoscolecids (Williams and Coleman 1992; Dehority 2003) . Isolated ciliates from a lactating cow, by contrast, had a lower and more typical proportion of the isotrichids (7%), and yet still incorporated 59% of glucose carbon into reserve carbohydrate. Our earlier competition study (Denton et al. 2015) , in which ciliates incorporated 59% glucose carbon into reserve carbohydrate, also included samples with a typical proportion of isotrichids. In sum, mixed ciliates with a high proportion of isotrichids accumulate large amounts of reserve carbohydrate, but so too do ciliates with lower and more typical proportions.
Ciliate lysis
Ciliates appeared to die and lyse after glucose exhaustion. Between the start of the experiment and glucose exhaustion, protein had declined by <5% of its initial value. By the end of the experiment, protein and cell concentrations had declined by 14% and 24%, respectively. The isotrichids (Dasytricha, Isotricha) lysed most extensively, and cell concentrations declined by 44% or more. Cells belonging to the genus Entodinium, by contrast, declined by 9%. Carbon, energy and hydrogen recoveries fell after glucose exhaustion also, suggesting release of an unmeasured product from lysed cells.
Because ciliates did not die and lyse until after glucose exhaustion, we presume that ciliates were metabolically normal before that point. However, we cannot rule out that metabolic activity-and thus our measurements of reserve carbohydrate, energy spilling and other variables-had already been impacted before lysis was apparent.
Lysis or damage of isotrichids under carbohydrate excess is well known (Sugden and Oxford 1952; Williams and Harfoot 1976; Prins and Van Hoven 1977) . It has been attributed to uncontrolled uptake of sugar (Williams 1979) and subsequent accumulation of lactic acid intracellularly , but experiments that directly test this idea have not been described in detail (see Prins and Van Hoven 1977) .
Magnitude of carbohydrate excess
As in our earlier studies (Hackmann, Diese and Firkins 2013; Hackmann, Keyser and Firkins 2013; Denton et al. 2015) , we generated a carbohydrate excess that is large, mainly for proofof-concept, but still representative of the rumen under certain cases. Glucose concentrations in the rumen can reach 5 mM for unadapted animals fed large amounts of grain (Ryan 1964; Mackie et al. 1978) . Nitrogen is never completely absent in the rumen, as it was after we washed cells with N-free buffer. Still, for grain-fed animals, N in the rumen is low and primarily in the form of ammonia-N, which limits growth (Argyle and Baldwin 1989; Van Kessel and Russell 1996) . Though our large carbohydrate excesses are illustrative, N-limitation (carbohydrate excess) reduces glucose uptake in prokaryotes and eukaryotes (Doucette et al. 2011) and at least one rumen bacterium (Russell and Strobel 1990) , and future experiments should explore more modest excesses.
Conclusions
Mixed ciliates responded to excess carbohydrate by rapidly consuming glucose, incorporating >50% carbon into reserve carbohydrate, and spilling minimal energy. Bacteria responded to excess carbohydrate by synthesizing some reserve carbohydrate, but they spilled large amounts of energy (>30% of total heat production). Because ciliates took up glucose more rapidly in the current study and outcompeted bacteria for glucose in an earlier study, the action of the ciliates in the rumen likely maximizes reserve carbohydrate synthesis while minimizing spilling. To fuel reserve carbohydrate synthesis, ciliates must rapidly ferment substrate-they fermented hexose at least as fast bacteria in the current study-and this undermines the idea that ciliates stabilize fermentation of sugar in the rumen.
